Manufactured goods are put through a quality control process that ensures an acceptable reliability level before being released to the public. However, manufacturing processes can change over time, which may affect the quality of a product. Warranty claims provide an opportunity to obtain feedback on the manufacturing process. In this study, a Weibull failure model is used to simulate the occurrence of warranty claims. The parameters of the Weibull model used to generate the data are estimated from the simulated warranty claims. The length of time required to obtain accurate parameter estimates is examined. This study is based on claims arising from the failure of a single component, but the techniques can also be used for a simple product or a subsystem of a more complex product that can be suitably
Introduction
Although a new product generally undergoes reliability analysis under stress conditions before being released to the public, it is only in the field that the behaviour of a product under normal conditions is observed [1] . A warranty database contains a wealth of information that can be used to estimate and monitor field reliability of products [4, 9] . Warranty data can be used as an early warning system to monitor the manufacturing process [6] . The important issue of early detection of actionable problems that could lead to events such as product recalls has received some attention [5, 10] . This study addresses this issue by investigating how far into a warranty it is necessary C453 to collect data, in order to obtain an accurate estimate of the reliability of components within the product.
We simulate warranty claims over a period of up to five years. The simulated claims are based on the reliability of a single component, the reliability of which is modelled by a Weibull distribution. Using an Australian car manufacturer's warranty data, the reliability of the component is estimated.
The maximum likelihood estimators of the Weibull parameters of a model of best fit are obtained in Section 3, and then used to generate simulated warranty claims in Section 4. The technique can be used on a subsystem or even on a simple product that has a Weibull reliability function. Other models can also be accommodated by using an appropriate distribution in place of the Weibull in the simulations. We are interested in establishing how far into the warranty period data should be collected before accurate estimates of the model parameters are made. This has application in the production process if a new component is introduced or a new batch commenced. The results are discussed in Section 5. We start by mentioning the need to establish the modelling assumptions.
Assumptions and survival analysis
We made standard assumptions in modelling the reliability of a component. These have been are outlined in our other article in this volume [8] .
In this article we use
for the Weibull function, where β is the shape parameter and η is the scale parameter.
Modelling component failure
Using the manufacturer's warranty data, we model the reliability of one component. In one year, 30, 138 vehicles were produced and 531 warranty claims were made that resulted in the part being replaced. We firstly obtain the Kaplan-Meier estimate of survival [3, 7] from this data, before fitting a Weibull distribution. The Kaplan-Meier survival probability to time t i iŝ
where k (t i ) and d (t i ) are the number at risk and the number of 'deaths' in time interval i, respectively. This estimator uses not only failed items, but also censored items, which are components that have not yet failed by the end of the experiment. A Weibull distribution is then fitted to the Kaplan-Meier survivals using maximum likelihood [2] .
We wrote an S-Plus script based on the numerical solution provided by Xie [11] . The script uses the function survReg to obtain the Weibull parameter estimates of β = 1.4624 and η = 17, 789. Figure 1 shows that the Weibull model provides a reasonable fit to the data.
The investigation
Using the values of the Weibull parameters determined in Section 3, simulated warranty claims were generated for a single component based on one production year of 30, 138 vehicles. Simulations were generated for five different periods, representing data obtained over one, two, three, four and five-year warranty periods. In the simulations, the warranty is bound by time alone, in keeping with the method used to obtain the Weibull parameters from the manufacturer's data. After each simulation, a Weibull model is fitted to the data and estimates of the model's parameters made using maximum likelihood. In the simulations, both the vehicle's age and the component's age are monitored. Only components that fail in vehicles that are still within their warranty period result in a claim. The new component that replaces it has the potential to generate another claim in the database if the vehicle that it is going into is still in warranty. Thus, the simulations generate both failed and censored data, the latter arising from components that have not failed by the end of the warranty period.
From each simulation, estimates of the shape and scale parameters were made. The simulation was then repeated 1, 000 times for each warranty period of one to five years. Point and interval estimates of the parameters were then C456 determined for each warranty length under the assumption that with this number of simulations, the parameter estimates are normally distributed.
Results
Using the data from the 1, 000 simulations for each warranty period of one to five years, we estimate the Weibull parameters, their standard deviations and 95% confidence intervals. The results are shown in Table 1 . Boxplots of the data are displayed in Figures 2 and 3 , which clearly show that the one-year data have produced a wide range of estimates of both parameters. Thus, a single database comprising claims from vehicles up to one year old can produce grossly inaccurate estimates of both parameters. By two years, reasonable point and interval estimates are observed for both parameters, with fewer outliers being evident. More accurate point estimates of the parameters and narrower interval estimates can be observed as the data matures through to five years.
Let us consider why the one-year data produces unsatisfactory estimates. Examining the manufacturer's claims database, we observe that of the 531 claims made on the component in the three-year warranty, 26 of them occurred in the first year, 199 during the second year, 279 in the third and 27 beyond three years. (The manufacturer honoured the warranty beyond three years when an ongoing problem had been identified prior to the expiry of the warranty.) The first-year claims represent only 5% of the total claims made during the first three years. We would expect a similar proportion to occur in the simulations. Because failure time is a random variable, the differences in failure times could lead to a large variation in parameter values when fitting a Weibull model. As time increases to two or more years, the number of claims increases, enabling a better fit to the more numerous data points. period and that the one-year data have not provided satisfactory parameter estimates.
To test the assumption that the parameter estimates from each of the 1, 000 simulations are normally distributed, quantile-quantile (qq) plots were constructed and are displayed in Figures 6-7 . The graphs clearly show that the one-year data are not normally distributed for either parameter. By two years, the β estimates are fairly normal and the η estimates are becoming more normally distributed. By three years, both parameters are reasonably normally distributed. Theplots for five years are omitted as they are very similar to the four-year plots, which can be taken to be normally distributed. Thus, we caution against drawing any firm conclusions from the one-year data, and possibly even from the two-year data.
Conclusions
We have shown that the one-year data are insufficient to produce accurate point and interval estimates of either model parameters, whereas the twoyear data produced reasonably good point and interval estimates. Further improvements of point estimates of both parameters, as well as tighter interval estimates, were observed as the warranty data extended beyond two years.
The assumption that the parameter estimates were normally distributed was shown to be inaccurate for the one-year data for both parameters and not very accurate for the η estimates, even for the two-year data. By three years, reasonably normal behaviour was observed and we conclude that accurate estimates of both parameters were obtained. Further reductions in interval widths were displayed in the four and five-year data.
We have shown that the Weibull model provided a good fit to the warranty data upon which the Weibull parameters were based in the simulations. However, other distributions could be used to model the reliability of parts. The exponential distribution may be more appropriate for components with few failures, especially if the period of observation is restricted to less than two years. We intend to repeat the experiment using the exponential model to see if stronger results are obtained.
It would be of benefit to a manufacturer to use warranty data as a means of monitoring the production process. If critical values of parameters that would result in an actionable situation are identified, warranty costs can be kept at bay. Since warranty data does not increment in yearly intervals but is collected continuously, we have conducted a similar investigation to the one reported herein, that reflects this reality. This has led to somewhat different results to those reported in this article. We anticipate that these findings will soon be reported.
